A thermodynamic model for the Na-O system was developed for the first time using the CALPHAD method after review of the structural, thermodynamic, and phase diagram data available on this system. Differential Scanning Calorimetry measurements were moreover performed to assess the phase equilibria and liquidus temperature in the Na 2 O-Na 2 O 2 composition range. A CALPHAD model for the Na-U-O system was furthermore developed on the basis of both reviewed experimental data, and thermodynamic functions of the sodium uranates derived by combining ab initio calculations and a quasi-harmonic statistical model. The phase equilibria in this ternary system are particularly relevant for the safety assessment of the nuclear fuel-sodium coolant interaction in Sodium-cooled Fast reactors (SFRs). The model predicts the stability of the ternary phase field UO 2 -Na 3 UO 4 -Na 4 UO 5 , which is consistent with the most recent literature data. Further optimization was moreover performed to fit the sodium partial pressures measured experimentally in the NaUO 3 -Na 2 U 2 O 7 -UO 2 and NaUO 3 -Na 2 UO 4 -Na 2 U 2 O 7 phase fields, yielding an overall consistent description. Finally, the oxygen content required to form pentavalent Na 3 UO 4 and hexavalent Na 4 UO 5 in liquid sodium at 900 K were calculated to be 0.7 and 1.5 wppm, respectively, which are levels typically encountered in SFRs.
Introduction
A considerable interest in the chemistry of the Na-(U,Pu)-O system has existed since the 1960s because of its technological importance for the development of Sodium-cooled Fast Reactors (SFR) [1, 2] . Among the six reactor designs selected by the Generation IV International Forum (GIF), the SFR is the concept with the highest technology readiness level, and probably the first one to move to a demonstration phase and commercial deployment [1] . SFRs use liquid sodium metal as a coolant, which shows a high boiling point (1156 K), a high heat capacity, and a good thermal conductivity preventing overheating [1, 2] . Some drawbacks exist with this design, however, in particular due to the chemical reactivity of sodium with water and air. The investigations reported in this work are more specifically concerned with the safety assessment of the potential interaction of the sodium metallic coolant with the nuclear fuel in the event of a breach of the stainless steel cladding. Although extremely rare, various circumstances can lead to the formation of a breach during normal operating and accidental conditions: manufacturing defaults in the cladding material, mechanical and chemical interactions between fuel and cladding material, cooling default, or unexpected change in neutron flux.
(U,Pu) O 2 mixed oxide (MOX) fuel is currently the preferred option for SFRs with a plutonium concentration of the order of 20 wt%. Past experimental work carried out in the 1980s on the reaction between liquid sodium and urania and urania-plutonia solid solutions has shown that in the temperature range of the fuel during operation, close to the pellet rim (around 893-923 K [3] ), the main reaction product was Na 3 MO 4 where M ¼ ðU 1Àa Pu a Þ [4] [5] [6] [7] [8] . The compound Na 3 MO 4 was found to be of lower density (5.6 gÁcm À3 ), and with less than half the thermal conductivity relative to the mixed oxide [9] [10] [11] , leading to local swelling and temperature increase in the fuel pin. Such a situation can induce further cladding failure, restrain the flow of coolant within a subassembly of fuel pins, or result in a contamination of the primary coolant with plutonium, minor actinides, or highly radioactive fission products [9] [10] [11] .
The prediction of the nature of the phases formed following the nuclear fuel-sodium coolant interaction and their compositions under specific temperature and oxygen potential conditions is crucial from safety perspectives. The structural properties and thermodynamic functions of the ternary phases forming in the Na-U-O phase diagram are fairly well established. Their relative stabilities and the corresponding ternary phase fields have not been investigated systematically, however, and there is no description using the CALPHAD method (CALculation of PHAse Diagrams) [12] . A sound description via models is essential, however, to feed the materials databank of computer simulation codes.
A CALPHAD model for the binary systems Na-O and Na-U as well as ternary Na-U-O system has been developed in the present study using a ionic sublattice description compatible with the already existing model for the U-O system and in general with models of the TAF-ID project [13] . The TAF-ID project has been initiated since 2013 by the OECD/NEA with the aim to develop a thermodynamic database for nuclear materials (www.oecd-nea. org/science/taf-id/) in cooperation between several countries.
A review of the structural, thermodynamic, and phase diagram data available for the Na-O system is firstly given. Differential Scanning Calorimetry measurements performed in the Na 2 ONa 2 O 2 composition range are furthermore described, and the calculated phase equilibria are compared with the literature data on this system. The structural and thermodynamic properties of the ternary sodium uranates are also reviewed, and the ternary Na-U-O phase diagram is computed by extrapolation of the three constituting binary sub-systems, and further optimized. As heat capacity data are lacking at high temperatures for the sodium uranates, the corresponding thermodynamic functions are calculated by combining ab initio calculations at 0 K and a quasi-harmonic statistical model. Finally, the threshold oxygen potentials required within the fuel (or sodium coolant) to form the sodium uranate ternary phases are calculated, and compared to the typical oxygen levels encountered in SFRs.
2. Thermodynamic assessment of the Na-O system 2.1. Review of literature data
Phase diagram data
Wriedt made an extensive literature review of the phase diagram and thermodynamic data available on the Na-O system in 1987 [14] . Fig. 1 shows a sketch of the phase diagram published in his paper including the known boundaries, phase transformations, and three-phases equilibria. This system is poorly known, especially above 50 at% O.
Five solid phases have been reported, namely Na(cr), Na 2 O(cr), Na 2 O 2 (cr), NaO 2 (cr), and NaO 3 (cr), whose crystal structures are listed in Table 1 [14] .
The stable form of sodium at room temperature is bodycentered cubic (bcc) b-Na(cr), in space group Im3m [14, 15] . The reported measurements of the melting temperature of sodium metal are numerous and concordant. The selected value, i.e., T fus ðNa; crÞ = (370.98 ± 0.02) K was taken from [24] . Sodium oxide, Na 2 O, shows a cubic phase at room temperature, in space group Fm3m [14, 16] . Bouaziz et al. observed two phase transitions at 1023 and 1243 K, respectively, when performing differential thermal analysis (DTA) measurements on a very highpurity sample [25] . The existence of those phase transitions is subject of controversy, however. Henry et al. [26] could not reproduce the same results by DTA, while Maupre [27] could only observe them on cooling after fusion of the sodium oxide [14] . Wriedt chose not to include them in his description of the binary system ( Fig. 1) [14] . The melting point of sodium oxide was determined at T fus ðNa 2 O; crÞ = (1405.2 ± 4) K by Bouaziz et al. [24, 25] . Finally, Na 2 O is expected to possess a very limited hypo-and hyperstoichiometric homogeneity range [14] . It was therefore treated as a stoichiometric compound in the present thermodynamic model. Sodium peroxide, Na 2 O 2 , exhibits two polymorphs with a phase transition at 785 K, as determined in the X-ray diffraction studies of Tallman and Margrave [18, 28] . A third polymorph was prepared by quenching Na 2 O 2 in liquid air, but is not stable at room temperature [14] . Na 2 O 2 -I is hexagonal, in space group P62m [17] , but the crystal structure of Na 2 O 2 -II was not reported. Na 2 O 2 -II melts at T fus ðNa 2 O 2 ; crÞ = 948 K [18, 24, 29] . Some evidence for the existence of a hypostoichiometric Na 2 O 2Àx homogeneity range was reported in the literature. This domain is very narrow below 573 K, but can reach Na 2 O 1:95 and possibly Na 2 O 1:67 above 773-873 K [14, 29, 30] . The data available are too limited to define accurately its shape, however. The hypostoichiometry of sodium peroxide was therefore not treated in the present thermodynamic model. Sodium superoxide, NaO 2 , has a cubic structure at room temperature [14, 21] . Two structural transitions to NaO 2 -II and NaO 2 -III, and a magnetic ordering transition to NaO 2 -IV were observed below room temperature. The melting point of NaO 2 -I was found at T fus ðNaO 2 À I; crÞ = (825 ± 10) K [14, 24] . NaO 2 -I is not thermally stable. It reaches the NaO 1:8 composition when heated at (548 ± 25) K, following a decomposition reaction to sodium peroxide and oxygen [14, 30] .
Finally, the crystal structure of sodium ozonide, NaO 3 , was identified in 1964 as tetragonal in space group I4=mmm for a sample prepared by the reaction of ozone with sodium hydroxide [14, 31] . More recently, Klein et al. have synthesized NaO 3 from cesium ozonide using cation exchange in liquid ammonia [22, 23] . After addition of dimethyl amine to the sodium ozonide solution in ammonia and solvent evaporation below 253 K, the authors obtained a pure bright red microcrystalline powder. They showed NaO 3 to be isostructural with sodium nitrite NaNO 2 , i.e., tetragonal in space group Im2m [22, 23] . The authors moreover reported NaO 3 to decompose slowly at room temperature into solid NaO 2 and oxygen. Rapid spontaneous decomposition occurs at 310 K. No thermodynamic data are available on this phase, except for an estimated value of the enthalpy of formation [14, 32] . As NaO 3 appears not to be stable at room temperature, it was not included in the CALPHAD assessment.
Liquidus data were reported by Bunzel et al. on the O-rich side of Na 2 O and O-deficient side of Na 2 O 2 [14, 29] . The authors interpreted them incorrectly, however, and Wriedt proposed a revised representation of the phase diagram as depicted in Fig. 1 .
The knowledge of the oxygen solubility limit in liquid sodium is of great technological importance for Sodium-cooled Fast Reactors as the oxygen dissolved in liquid sodium causes the corrosion of the materials with which it is in contact [14] . The experimental studies have been numerous, but the literature shows rather large inconsistencies with very different oxygen solubility equations reported [14, [33] [34] [35] [36] [37] . The one selected herein, and recommended in the paper of Wriedt [14] , is from the work of Noden who reviewed critically all the data reported in the literature and fitted 268 recommended experimental points from twelve investigators with a least square method between 377 and 873 K [36, 37] : log½C O ðwppmÞ ¼ 6:2571 À 2444:5=T. The author discarded, however, the results obtained from mercury amalgamation methods below about 523 K due to large blank errors. The derived equation is in very good agreement with a previous review by Eichelberg [33] based on 107 selected values, which discarded the amalgamation data and that obtained in glassware: log½C O ðwppmÞ ¼ 6:239 À 2447=T. It differs rather largely, however, from the review of Claxton [34, 35] , based on 88 experimental points, but not discarding any of them: log½C O ðwppmÞ ¼ 5:21 À 1777=T. For comparison the equations suggested by Noden [36, 37] , Eichelberg [33] , and Claxton [34, 35] are shown in the phase diagram in Fig. 7 .
Thermodynamic data
The thermodynamic functions of sodium metal and its oxides used for the CALPHAD model are summarized in Tables 2 and 3 . Those were taken from the critical reviews and compilations of [14, 24, [38] [39] [40] [41] [42] [43] . A detailed description of the available literature data for these phases can be found in [14, 24, 42] .
The standard entropy of b-Na(cr) was taken from the CODATA key values [38] , based on the low temperature heat capacity measurements of Martin and Filby [44, 45] . The enthalpy of fusion selected herein and in the review work of [42] is based on the work of Martin [46] . The heat capacity functions of Na(cr) and Na(l) used for the thermodynamic model are those of Dinsdale [40] .
Very different values have been reported for the enthalpy of formation of Na 2 O(cr) due to the presence of impurities in the investigated samples. The value derived by O'Hare [47] , who gave a specific attention to the compound's purity, is À(414.82 ± 0.28) kJÁmol
À1
. The latter value differs rather significantly, however, from that selected in the JANAF compilation [24] , i.e., À(417.98 ± 4.2) kJÁmol
. The data selected herein was taken from the compilation of Knacke [39] , i.e., À(415.1 ± 4.2) kJÁmol À1 , which is in good agreement with the data of O'Hare. The standard entropy adopted in the JANAF compilation and in this work is based on unpublished measurements by Furukawa [48] after correction for Na 2 CO 3 (cr) impurities [24] . The choice of the heat capacity function for sodium oxide Na 2 O requires a more detailed discussion. The heat capacity function selected herein was taken from the compilation of JANAF [24] , which is based on the enthalpy increment data of Grimley and Margrave, collected between 380.1 and Fig. 1 . Sketch of the Na-O phase diagram published in the paper of Wriedt [14] , reproduced with permission by Springer. 1174.6 K using a copper block drop calorimeter [49] . The data of [49] measured in the range 380.1-980.4 K were extrapolated up to the melting point, taking into account the two phase transitions and heats of transitions determined by Bouaziz et al. [25] . The reported enthalpy data above 1078.3 K were considered too large, however, and therefore unreliable [24] . Fredrickson and Chasonov also performed enthalpy increment measurements using drop calorimetry in 1973, but failed to identify any phase transition up to 1300 K [50] . The authors observed a sharp rise in the heat capacity above 900 K, however, which they explained by the onset of a diffuse transition in Na 2 O and a disordering of Na + cations.
Those measurements were preferred in the review of Pankratz [51] . The enthalpy increment and heat capacity functions calculated with the present thermodynamic model are shown in
Figs. 2a and b and compared with the literature data. Finally, the transition enthalpies and enthalpy of fusion of Na 2 O are that selected in the JANAF compilation [24] based on the measurements of Bouaziz et al. [25] . The enthalpy of formation of sodium peroxide retained in the JANAF compilation and herein is based on the work of Gilles and Margrave [52] on a high purity sample, while the selected standard entropy is based on the low temperature heat capacity measurements of Todd [53] after correction for Na 2 CO 3 (cr) impurities. The heat capacity function used in the model is again that of the JANAF compilation, which was derived from the enthalpy increment measurements by Chandrasekharaiah using drop calorimetry [54] . The latter data suggested the existence of a transition between 773 and 793 K, in good agreement with the high temperature X-ray diffraction and thermal analysis measurements of Tallman and Margrave [28] . The enthalpy of fusion of sodium peroxide is unknown [24] . It was estimated in the compilation of [39] . Finally, the thermodynamic data of sodium superoxide used in the model were taken from the JANAF compilation. The enthalpy of formation was measured by Wagman [55] , the low temperature heat capacity and hence standard entropy by Todd [53] , while only estimated values were reported for the enthalpy increments and heat capacity at high temperatures [24] .
Vapour pressure studies
The gas phase in equilibrium with condensed and liquid Na was found to be composed of the monomer, dimer [14] , and possibly very low concentrations of tetramer [14] . Sodium oxide vaporizes according to the following decomposition mechanisms [56, 57] At any temperature, the resulting congruent vaporizing composition of sodium oxide imposed by effusion becomes Na 2þx O(cr) with the associated vaporization reaction [58] :
The value of x is very small, however, as sodium oxide has a very narrow homogeneity range [14] . This implies that the main gaseous species above Na 2 O(cr) are Na(g), O 2 (g) and Na 2 O(g), the latter species being a minor vapour constituent [56, 59] . The gas phase used for this work therefore considers only the species Na (g), Na 2 (g), Na 2 O(g), O(g), O 2 (g), and O 3 (g).
Differential Scanning Calorimetry measurements

Materials and method
Differential Scanning Calorimetry (DSC) measurements were performed with a SETARAM MDHTC96 apparatus in an attempt to gain a better insight into the poorly described liquidus line between Na 2 O and Na 2 O 2 .
The materials investigated were sodium peroxide (Na 2 O 2 , >95%, Sigma-Aldrich) and sodium peroxide/sodium metal mixtures (Na, 99.95% trace metal basis, Sigma-Aldrich) (Table 4) , which were handled exclusively in the dry atmosphere of an argon-filled glove box because of their hygroscopic nature and reactivity with water and air. They were moreover placed in a boron nitride liner and encapsulated for the calorimetric measurements in stainless steel crucibles closed with a screwed bolt as described in [60] to avoid vaporization and to prevent any contact with air and atmospheric water. Boron nitride was found the most suitable liner material for these investigations. Nickel, platinum, and graphite liners were also tested, but found to react with the sodium compounds.
The measurement program consisted in four successive heating cycles with 10 K/min heating rate, and 5-7-10-15 K/min cooling rates. The DSC is equipped with a furnace and a detector monitoring the difference in heat flow between sample and reference crucible. The temperatures were monitored throughout the experiment by a series of interconnected S-types thermocouples. The temperature on the heating ramp was calibrated by measuring the melting points of standard materials (Au, Ag, In, Al, Pb, Sn, Zn, Cu). The temperature on the cooling ramp was obtained by extrapolation to 0 K/min cooling rate. In both cases the melting and solidification temperatures were derived as the onset temperature using tangential analysis of the recorded heat flow. The same analysis was performed for sodium peroxide and mixtures in the Na 2 ONa 2 O 2 pseudo-binary section. In this case, the transition, eutectic and melting temperatures were derived on both heating and cooling ramps as the onset temperature, while liquidus equilibria were taken as the offset on the heating ramp, and onset on cooling ramp. The uncertainty on the derived transition temperatures is estimated at about 5 K for the pure compound and 10 K for the mixtures.
The sodium peroxide material was measured up to 1073 K. A typical example of the output of the measurement is shown in Fig. 3 . The first small endothermic peak corresponds to the Na 2 O 2 -I?Na 2 O 2 -II phase transition, while the second intense endothermic peak is the melting of Na 2 O 2 -II.
The measurements of the sodium peroxide/sodium metal mixtures were carried out up to 1373 K. The first heating cycle allowed mixing and reaction of the initial products to a specific composition point between sodium oxide and sodium peroxide as written in Eq. (5) with x between 0 and 1:
The first cycle was not considered for the analysis. A typical example of the output obtained for the Na 2 O 1:8 composition (0.2Na + 0.9Na 2 O 2 ) is shown in Fig. 4 . The first peak corresponds to the Na 2 O 2 -I?Na 2 O 2 -II transition and the second peak to an eutectic equilibrium. The interpretation for the third feature is not straigthforward (Na 2 O-I?Na 2 O-II transition or liquidus?), however, as detailed in Section 2.4.
DSC results
The temperatures derived from those measurements are listed in Table 5 together with their associated equilibria. The Na 2 O 2 -I!Na 2 O 2 -II transition temperatures recorded herein, i.e., (756.8 ± 5) K and (765.8 ± 10) K, are lower than determined by Tallman and Margrave using X-ray diffraction, i.e., (785 ± 1) K. The uncertainty on our measurement is large, however, considering the very small heat flow areas of the corresponding peaks. The melting point is in rather good agreement with the value of Bunzel [29] . The results obtained with the sodium peroxide/ sodium metal mixtures are discussed in Section 2.4 together with the thermodynamic model developed in this work.
Thermodynamic modelling of the binary Na-O system
Only the parameters of the liquid phase were optimized in this work. Na 2 O, Na 2 O 2 and NaO 2 were treated as stoichiometric compounds. The Gibbs energy functions of all the phases are referred 
where n is an integer (2, 3, À1. . .). In the present work, the parameters reported by Dinsdale [40] were used for pure sodium and oxygen, respectively.
Stoichiometric compounds
The Na 2 O, Na 2 O 2 and NaO 2 oxides were described with the twosublattice model. The corresponding Gibbs energy functions have the same form as in Eq. (6):
where n u i is the number of atoms of the ith element in the oxide formula. The coefficients a, b; c and d n were calculated using the thermodynamic functions listed in Tables 2 and 3 .
Liquid phase
The ionic two-sublattice model was used to describe the liquid P and Q are equal to the average charge of the opposite sublattice:
where y Va QÀ and y O 2À are the site fractions of vacancies and divalent oxygen ions on the second sublattice. The induced charge of the vacancies corresponds to the average charge of the cation sublattice, i.e., Q = 1, while P varies with the composition via the site fractions y O 2À and y Va QÀ so as to keep the phase electrically neutral. The Gibbs energy of the liquid phase is given by the following expression:
, and o G O are the reference terms corresponding to the Gibbs energies of sodium oxide, sodium peroxide, pure sodium, and pure oxygen, respectively. The Gibbs energy of the liquid phase also contains a configurational entropy term related to mixing of the species on the second sublattice. Finally, excess terms are expressed with the interaction parameters
, and
, which describe the liquid phase in the Na-Na 2 O, Na 2 O-Na 2 O 2 , and Na 2 O 2 -O composition ranges, respectively, i = 0,1,2 corresponding to the order of the interaction parameter.
Gas phase
The gas phase is described by an ideal mixture of (Na, Na 2 , Na 2 O, O, O 2 , O 3 ) gaseous species. The Gibbs energy is expressed by:
where y i is the fraction of the species "i" in the gas phase. o G u i represents the standard Gibbs energy of the gaseous species "i". P o is the standard pressure. The gibbs energy functions were taken from the SGTE database [62] .
Results and discussion
The optimized phase parameters of the liquid phase are given in Table 6 and the calculated temperatures and phase compositions of invariant reactions are listed in Table 7 . The phase diagrams calculated with and without the gas phase are shown in Fig. 5 and 6 and represent, respectively, more realistic situations around xðOÞ ¼ 1 (with gas), and around xðOÞ ¼ 0 (without gas, for a closed system where no sodium is allowed to evaporate) (see Table 6 ).
The phase transitions and melting temperatures of sodium, sodium oxide, sodium peroxide, and sodium superoxide are well described in the present thermodynamic model as shown in Figs. 5 and 6, and Table 7 .
The calculated phase diagram reproduces very well the oxygen solubility limit in sodium as determined by Noden [36] . The phase boundaries as determined by Eichelberg [33] are also very close to the calculated curve. The data of Claxton [34, 35] deviate to a rather large extent as discussed in Section (2.1). The monotectic equilibrium L1-L2-Na 2 O-III is calculated at 1402 K (Fig. 6 ). The existence of a miscibility gap was never confirmed experimentally, but this would be extremely challenging due to corrosion by the liquid during the experiment [14] . Maupre [27] suggested its occurrence slightly below the melting point of sodium oxide. The author estimated its composition limits on the Na-rich side as 4.7 at% O by extrapolation of the solubility line of Noden, and close to 33.3 at% O on the Na 2 O-rich side. Maupre [27] furthermore suggested an eutectic equilibrium bNa-L1-Na 2 O-I at a composition of 6.7Á10
À5 at% O by extrapolation of the equation of Noden. The present model reproduces these suggested features. The eutectic equilibrium Na 2 O-I + Na 2 O 2 -II = liquid at 843 K was never observed experimentally. Its existence was suggested by Wriedt [14] based on the data of Bunzel [29] and Tallman and Margrave [28] . This equilibrium is considered in the present model. The DSC results reported herein make a strong case for the existence of this eutectic equilibrium and are in good agreement with the predicted temperature as shown in Figs. 5 and 6.
Finally the DSC results seem to argue for the existence of a phase transition in Na 2 O around 1023 K as observed by Bouaziz et al. [25] . The grey points recorded herein by DSC and depicted on the phase diagrams (see Figs. 5 and 6) are puzzling, however. We would be tempted to assign them to the liquidus equilibria. But this does not fit with the calculated phase diagram, which follows the suggestions of Wriedt [14] . The latter points are at the same level as the sodium oxide first transition temperature, suggesting an incomplete reaction between sodium peroxide and sodium metal in the container, and therefore inducing an error on the composition plotted on these figures. The corresponding measurements can hence unfortunately not be used for the optimization of the liquidus line in the Na 2 O-Na 2 O 2 composition range. Table 6 Summary of thermodynamic data for pure elements and oxides selected in the present work. SER refers to the phase of the element stable at 298.15 K. The optimized coefficients are marked in bold.
Phase
Gibbs energy (J/mol) Ref.
This work
This work 
This work 3. Thermodynamic assessment of the Na-U-O system 3.1. Review of literature data
Phase diagram data
The known compounds in the Na-U-O phase diagram are numerous (Na 2 UO 4 , Na 4 UO 5 , Na 2 U 2 O 7 , NaUO 3 , Na 3 UO 4 ) and their structural properties are now well established. A summary of the crystal symmetries and cell parameters for these phases is provided in Table 10 . Further details on the local coordination geometries for each structure can be found in other publications [65] [66] [67] [68] [69] .
Pentavalent NaUO 3 has a perovskite structure, in space group Pbnm [70] . Na 2 U 2 O 7 has three polymorphs. The stable phase at room temperature, a-Na 2 U 2 O 7 , has monoclinic symmetry in space group P2 1 =a [67] , and transforms between 573 and 623 K to b-Na 2 U 2 O 7 , which is monoclinic in space group C2=m [67, 68] .
The second transition to the high-temperature c rhombohedral structure occurs between 1223 and 1323 K [68] . Hexavalent Na 2 UO 4 shows two polymorphs with a phase transition measured at 1193 K [71] . The a and b phases are orthorhombic in space group
Pbam and Pbca, respectively [71] . Na 4 UO 5 has tetragonal symmetry, in space group I4=m [72] . In addition, Smith et al. reported the existence of a low temperature metastable phase for this composition, i.e., m-Na 4 UO 5 , with disordered NaCl cubic type of structure [66] . The uranium valency in those compounds was moreover investigated using X-ray Absorption Near Edge Spectroscopy (XANES) at the U-L 3 edge for NaUO 3 ; a-Na 2 U 2 O 7 , Na 4 UO 5 [65] , a-Na 2 UO 4 [73] , and at the U-M 4 edge for m-Na 4 UO 5 [66] , which confirmed the chemical compositions established by X-ray diffraction.
Finally, the case of the trisodium uranate Na 3 UO 4 is particularly complex and requires a more detailed description. Three polymorphs were reported in the literature, but their structures were the subject of controversy until recently. Scholder and Gläser [74] first reported in 1964 a disordered NaCl type of structure, obtained at low temperatures (T < 973 K), with cell parameter 4.77 Å. The investigations of Smith et al. showed that the latter phase probably corresponded to a metastable m phase and questioned the assigned chemical composition [66] . Bartram and Fryxell obtained at temperatures ranging from 973 to 1273 K a stable ordered a phase with many additional reflections, which they assigned to cubic symmetry with a doubled cell parameter (9.54 Å) and the chemical composition Na 11 U 5 O 16 [75, 76] . The latter assignment was ruled out by Smith et al., however, who found the a form of trisodium uranate to be monoclinic, in space group This work G bÀNa2U2O7 = G aÀNa2U2O7 + 2800 À 4.66667T This work Fig. 5 . Calculated Na-O phase diagram at 1 bar considering the gas phase, and comparison with the experimental data.
P2=c [66] . In addition, the authors showed on the basis of X-ray, neutron diffraction, XANES, and 23 Na MAS NMR data that the a phase could accommodate some cationic disorder on the uranium site with the incorporation of up to 16(2)% excess sodium, corresponding to the mixed valence state composition Na 3 ðU 1Àx Na x ÞO 4 (0.14 < x<0.18). The Na 3 (U 1Àx Na x )O 4 formula with x = 0 and x = 0.2 corresponds to the Na 3 UO 4 and Na 4 UO 5 stoichiometric compositions, respectively. The a À Na 3:16ð2Þ U 0:84ð2Þ O 4 compound synthesized by [66] is hence found on the pseudobinary section between Na 3 U V O 4 and Na 4 U VI O 5 end-members, rather close to the latter composition, as shown in the equilibrium phase diagram in Fig. 12 , corresponding to an uranium mean valence state of 5.69(6) [66] . Finally the semi-ordered high temperature b modification of Na 3 UO 4 is cubic, in space group Fd3m as described in the work of [66, 77] . Although the structural properties of the sodium uranates are now well-known, the phase relationships in the Na-U-O phase diagram have not been investigated systematically. A sketch of the isotherm at 1273 K (shown in Fig. 8 ) has been reported based on the various crystallographic and thermodynamic studies [9, 78] , but the phase boundaries, tri-phasic domains and evolution with temperature of the equilibrium phases have not been determined.
Thermodynamic functions
The thermodynamic data available for the sodium uranates are quite complete as shown in Table 8 [43, 79] . Enthalpies of formation at 298.15 K were determined using solution calorimetry, while entropies and heat capacities were derived using adiabatic and thermal relaxation calorimetry.
The high temperature enthalpy increments of NaUO 3 [81] , aand b-Na 2 UO 4 [71, 82] , a-Xand b-Na 2 U 2 O 7 [81] were measured using drop calorimetry, yielding the fitted heat capacity functions listed in Table 9 . The transition enthalpy for Na 2 [82] . The transition was found reversible but very slow near the transition temperature [71] . The enthalpy increment data for Na 2 U 2 O 7 cover only the temperature ranges 390-540 K (a form) and 681-926 K (b form), respec- tively [81] . The a!b transition temperature and associated transi- The case of trisodium uranate Na 3 UO 4 requires particular attention as its crystal structure was the subject of controversy as discussed in Section (3.1.1) [66] . A single batch of Na 3 UO 4 material was prepared by O'Hare et al. [84] in 1972, which was used to determine its enthalpy of formation [84] , heat capacity and entropy at 298.15 K [83] , and enthalpy increments in the temperature range 523-1212 K [85] using solution, adiabatic, and drop calorimetry, respectively.
The sample was prepared by heating a mixture of sodium oxide of composition Na 2 O 1:05 , with uranium oxide of composition UO 2:14 , and excess sodium in proportions corresponding to the following reaction [84] :
The authors reported the X-ray diffraction pattern appeared ''fairly complicated", with the ''principal lines [. . .] indexed as f :c:c. pattern with a lattice parameter of 4.77 Å", but corresponding ''essentially [to] that reported by Bartram and Fryxell" [84] , and to which the wrong composition Na 11 U 5 O 16 was initially attributed [76] . From this description, we deduce that the thermodynamic measurements were carried out on the a form of the trisodium uranate [66] . It should also be noted that the compound prepared was not completely pure, but contained (2.0 ± 1.8) wt% of uranium dioxide impurity. As for the high temperature b form of the same compound and metastable m cubic form, there are no data available. Extending the thermodynamic functions to higher temperatures, and estimating the enthalpy of transition to the b phase would be of particular interest for the safety assessment of the fuel-sodium interaction.
Vaporization studies
Vapour pressure studies in the Na-U-O system were reported using Knudsen effusing mass loss (KEML), Knudsen effusion mass spectrometry (KEMS) and the transpiration technique [86] [87] [88] 68] . A more detailed description of these investigations can be found in [68] . The sodium pressure measured over the six ternary phase fields Na-UO 2 -Na 3 UO 4 , UO 2 -NaUO 3 -Na 3 UO 4 , NaUO 3 -Na 4 UO 5 -Na 3 UO 4 , NaUO 3 -Na 2 UO 4 -Na 4 UO 5 , NaUO 3 -Na 2 UO 4 -Na 2 U 2 O 7 , and NaUO 3 -Na 2 U 2 O 7 -UO 2 are shown in Fig. 9 and compared to the data derived from the model in Figs. 13-15.
Ab-initio calculations combined with a quasi-harmonic model
Description of the method
The method used to calculate the thermodynamic functions of the sodium uranate phases using ab initio calculations at 0 K and a quasi-harmonic statistical thermodynamic model to derive the temperature dependency of the thermodynamic properties is briefly described hereafter. A more exhaustive description can be found in [89] .
This method requires only information on the crystal symmetry and space group, lattice parameters, and atomic position coordinates as starting point. The following three approximations are used to derive the free energy of a crystal containing N cells with n atoms per cell:
(i) The adiabatic approximation to calculate the cohesive energy of the crystal E cohesive versus static pressure at zero kelvin, and correspondingly versus the equilibrium volume V. (ii) The harmonic approximation to calculate the 3n vibration frequencies m j ðqÞ (j ¼ 1; 3n) for N values of wave vectorq in the first Brillouin zone. These 3n frequencies dispersion branches are divided into three acoustic branches and (3n À 3) optical branches. Satisfactory accuracy is obtained by computing optical vibration frequencies at the C point only ðq ¼ 0Þ providing the unit cell is large enough. Forq -0 we use the Debye model to determine the acoustic vibration frequencies and the Einstein model for the optical vibration frequencies. From E cohesive ðVÞ and the frequencies m j ðq ¼ 0Þ (j ¼ 1; 3n) it is possible to construct the partition function of the crystal and deduce its free energy at temperature T by the statistical thermodynamic laws: 
where B is the bulk modulus, q is the density, and r 0 is the Poisson ratio (close to 0.33). (iii) To account for the thermal expansion while maintaining the simplicity of the harmonic model, the quasi-harmonic approximation is used assuming that the vibration frequencies change with the volume of the unit cell: Table 10 Parameters and results of the ab initio calculations using the CASTEP Code [90] . DFT lattice parameters (nm) and equilibrium volume of unit cell (nm 3 ) at zero temperature and pressure, in italics, are compared to the reference experimental data. Note that all volumes calculated with DFT are systematically larger than the experimental data. This wellknown behaviour is related to the generalized gradient approximation form of the exchange/correlation energies. Experimental lattice parameters were obtained at atmospheric pressure (0.10 ± 0.01) MPa. Vol. = volume of the unit cell. RT = (295 ± 2)K. Standard uncertainties u are a uðaÞ = 0.00002 nm, uðbÞ = 0.00002 nm, uðcÞ = 0.00002 nm, u(Vol.) = 0.00001 nm 3 .
Standard uncertainties u are b uðaÞ = 0.002 nm, uðbÞ = 0.002 nm, uðcÞ = 0.002 nm, u(Vol.) = 0.0001 nm . Fig. 9 . Sodium partial pressure measured in the ternary phase fields of the Na-U-O phase diagram [86] [87] [88] 68] .
where c acoustic and c optic are the Grüneisen coefficients. For an ideal isotropic crystal these Grüneisen coefficients are given by [89] : Fig. 10 . Calculated heat capacity data using the DFT and quasi-harmonic model (H), and comparison with the experimental heat capacity data reported in the literature (, ). The regression laws used for the CALPHAD model and reported in Table 11 are shown as plain red lines. Fig. 11 . Calculated Na-U-O phase diagrams at (T = 300,700,1350,1400,1750,2350 K) and 1 bar
The volume V is calculated iteratively for a given pressure and temperature, knowing E cohesive ðVÞ and the vibration frequencies at C point, as well as the Poisson ratio r 0 for the crystal to zero static pressure. From FðT; VÞ and pV we can calculate the entropy S ¼ ÀðdF=dTÞ V , the internal energy U ¼ F þ TS, the heat capacity at constant volume C V ¼ ðdU=dTÞ V , the bulk modulus B ¼ ÀVðdp=dVÞ T , and the heat capacity at constant pressure C p ¼ C V þ TVBa 2 .
Results
Our calculations were performed using the CASTEP code [90] , which solves the electronic Schrödinger equation for a compound with a periodic lattice within the electronic density functional (DFT) theory using a plane-wave pseudo-potential method. The tightly bound core electrons are represented by non-local ultrasoft pseudo-potentials as proposed by Vanderbilt [91] . The exchange/-correlation energies are calculated using the Perdew et al. (PBE) form of the generalized gradient approximation [92] . Due to the presence of oxygen, the cutoff energy is taken as 410 eV throughout all the calculations. The first Brillouin zone is approximated with finite sampling of k-points using the Monkhorst-Pack scheme [93] . Furthermore, when the electron spins of the ions are unpaired, the calculations are carried out using polarized spins.
The pentavalent uranium compounds NaUO 3 and a-Na 3 UO 4 have an unpaired spin. In this case, the spin polarization calculation is performed based on ferromagnetic order. Ab initio calculations for compounds with hexavalent uranium, i.e., Na 4 UO 5 ; aNa 2 UO 4 ; b-Na 2 UO 4 ; a-Na 2 U 2 O 7 and b-Na 2 U 2 O 7 , are non-spinpolarized.
The unit cell parameters obtained for the different sodium uranate structures at zero temperature and pressure are listed in Fig. 12 . Calculated Na-U-O phase diagram at 900 K and 1 bar (red line), and comparison with the phase boundaries between the ternary phase fields as suggested by [9] (black dotted line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 13 . Sodium and oxygen partial pressures calculated in the ternary phase field NaUO 3 -Na 2 U 2 O 7 -UO 2 and comparison with literature data [68] . Table 11 . The calculated volumes with DFT are systematically larger than the experimental data, which is a well-known behaviour related to the generalized gradient approximation form of the exchange/correlation energies.
The standard enthalpy of formation for the various compositions was obtained using Hess's law and the cohesive energy E cohesive ðVÞ of the crystal calculated as a function of the static pressure or the corresponding equilibrium volume.
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From Hess law we obtain at temperature T: 
Þ is derived from the model:
Using the optimized total energy for sodium uranate oxides EðNa x U y O 2z Þ calculated using the CASTEP code for a given pressure, and the energy of pure sodium EðNaÞ, uranium EðUÞ and oxygen EðOÞ atoms as references, we obtain the cohesive energy E cohesive of the crystal as a function of the static pressure or the corresponding equilibrium volume V: E cohesive ðVÞ ¼ EðNa x U y O 2z Þ À xEðNaÞ À yEðUÞ À 2zEðOÞ ð 21Þ
The reference atomic energy ðxEðNaÞ þ yEðUÞ þ 2zEðOÞÞ, which is identical for a given compound for all static pressures, can be calculated from the formation enthalpies of Na 2 O, UO 2 ; c-UO 3 , Na, U, O gas tabulated [94] ideally at zero Kelvin, and the optimized total energies EðNa 2 OÞ; EðUO 2 Þ and Eðc-UO 3 Þ calculated using the CASTEP code:
The calculated standard enthalpies of formation are generally in good agreement with the experimental values obtained using solution calorimetry (Table 8) , which gives confidence to the results obtained by the (ab initio + quasi-harmonic) approach. The agreement is very good for pentavalent NaUO 3 (0.3%), and very satisfactory for pentavalent Na 3 UO 4 (0.5%). The values obtained for the hexavalent compounds are slightly overestimated by 1.7-2.8%. These differences are related to the electronic structure calculations of UO 2 and c-UO 3 using the CASTEP code. For the latter compounds the calculation of cohesion energies constitutes a difficulty in itself (private communication [95] ), and much efforts were necessary to calculate them [95] . We can only speculate that the calculated total energy of c-UO 3 is probably tainted by a mistake, which is difficult to appreciate, and seems to impact all the calculated data for the hexavalent uranium compounds.
The heat capacity data calculated with the quasi-harmonic model are compared in Fig. 10 to the experimental data measured at low temperatures (T < 350 K) using adiabatic or thermal relaxation calorimetry, and to the values reported at high temperatures (T > 300 K) after derivation of the experimental enthalpy increment data. The corresponding standard heat capacity and entropy functions at 298.15 K are also listed in Table 8 . The agreement with the low temperature data (T < 350 K) is reasonably good for all compositions, with a deviation below 2.4% for the heat capacity values at 298.15 K. The calculated standard entropies at 298.15 K show a tendency towards a larger overestimation (especially for a-Na 2 UO 4 and a-Na 2 U 2 O 7 ), which is related to the definition of In this work, the mathematical heat capacity functions implemented in the CALPHAD model (listed in Table 11 ) were obtained using a regression law in the temperature range (T = 250-2000 K), combining the experimental low temperature heat capacity data reported in the literature in the range (T = 250-350 K) with the heat capacity values obtained with the DFT and quasi-harmonic model in the range (T = 350-2000 K). We believe that our calculated values give a more reasonable estimation at high temperatures compared to the extrapolation of the experimental heat capacity functions listed in Table 10 . The standard enthalpies of formation and entropies at 298.15 K measured experimentally were considered more accurate than the calculated ones, however, and therefore used as starting values for the CALPHAD optimization presented hereafter.
Thermodynamic modelling
Na-U binary phase diagram
To the best of our knowledge, only one experimental study has been reported in the literature on the Na-U binary system [96] , and there are probably no compounds formed [97] . Uranium metal exists in three allotropic forms: orthorhombic a-U, tetragonal b-U, and cubic c-U, with transition temperatures and melting points at T tr (a!b) = (941 ± 2) K, T tr (b!c) = (1049 ± 2) K, T fus (c) = (1407 ± 2) K [98] , respectively. Douglas found the solubility of uranium in liquid sodium at 370.8 K to be less than 0.05 wt% and Table 11 Regression coefficients to fit the theoretical heat capacity data derived in this work using DFT.
Compound
Cp;m= A+ BÁ T+ CÁ T probably many times smaller [96] , while uranium and sodium did not react when heated at 823 K for long periods of time [97] . Metallic Na and U were described as regular solution using the following expression:
where x i corresponds to the atomic fraction of i; G u i ðTÞ the Gibbs energy of the pure species i in the phase u, and L u U;Na the interaction parameter between U and Na in this phase.
The parameters of Dinsdale, also adopted for the TAF-ID database, were used to model pure uranium [40] . Na and U metal were assumed to be immiscible in the present work. Large positive values were thereafter assigned to the interaction parameters L u U;Na as listed in Table 6 .
Liquid
To describe the composition variation from a metallic liquid (Na,U) to an oxide liquid (Na,U,O), U 4þ cations were added to the ionic two-sublattice model.
where P and Q are equal to the average charge of the opposite sublattice: The Gibbs energy of the liquid phase is given by the following expression: The parameters relative to the ðU 4þ Þ P ðO 2À ; Va Q À ; OÞ Q oxide liquid phase in the U-O system were taken from the work of Guéneau et al. [13] . Metallic liquid Na and U were assumed to be immiscible as discussed previously, so that a large interaction parameter L liq ðU 4þ ;Na þ ÞðVaÞ was assigned between uranium and sodium metal as listed in Table 6 . No ternary interaction parameters were introduced in the absence of experimental information on the ternary liquid phase.
3.3.3. Non stoichiometric uranium dioxide UO 2AEx UO 2 adopts a fluorite type lattice with a marked ionic character and a wide homogeneity range [13, 99] . UO 2AEx was described using the compound energy formalism with ionic species as recommended in [13] .
We refer the reader to the latter work [13] for further description of the model and optimized enthalpy, entropy, and interaction parameters for this phase.
Stoichiometric compounds
U 4 O 9 , U 3 O 8 , UO 3 , Na 2 UO 4 , Na 4 UO 5 , Na 2 U 2 O 7 , NaUO 3 , and Na 3 -UO 4 were described as stoichiometric compounds in this work. The temperature dependence of the molar Gibbs energy G u m for one mole of formula unit is described by a power series in temperature as follows:
where n u i is the number of atoms of the ith element in the oxide formula. The coefficients a, b; c and d n for the uranium oxides are listed in the work of [13] . Those for the sodium uranates were derived using the enthalpies of formation, entropies, and transition enthalpies measured experimentally (Table 8) , and the heat capacity functions obtained after regression of the DFT and quasi-harmonic model data (Table 11 ). The enthalpies of formation and entropies were further optimized in this work as described below.
Gas
The gas phase was described by an ideal mixture of (U, UO, UO 2 , UO 3 , Na, Na 2 , Na 2 O, O, O 2 , O 3 ) gaseous species. The Gibbs energy is expressed by:
where y i is the fraction of the species i in the gas phase.
o G u i represents the standard Gibbs energy of the gaseous species i. P o is the standard pressure. The Gibbs energy functions for U(g), UO(g), UO 2 (g), UO 3 (g) were taken from the recent reviews by [63, 64] . Those for Na(g), Na 2 (g), Na 2 O(g), O(g), O 2 (g), O 3 (g) were taken from the SGTE database [62] .
Optimized Na-U-O thermodynamic model
The Na-U-O ternary phase diagrams calculated at (T = 300, 700, 900, 1350, 1400, 1750, 2350, 2500 and 2550 K) are shown in Figs. 11a,b,c,d,12 , 11e,f, B1a and b. Temperatures are expected to reach 773-1373 K at the pellet edge of SFRs [100] , and the phase equilibria in this range of temperatures are therefore particularly relevant for the safety assessment of the SFR.
The calculated phase boundaries between the ternary phase fields are in good agreement with the predictions of Blackburn [9] except for those involving the Na 3 UO 4 phase. The authors suggested three-phase equilibria between UO 2 -NaUO 3 -Na 3 UO 4 and NaUO 3 -Na 3 UO 4 -Na 4 UO 5 (dotted line in Fig. 12 ), whereas the calculation predicts three-phase equilibria between UO 2 -NaUO 3 -Na 4 UO 5 and UO 2 -Na 3 UO 4 -Na 4 UO 5 . The latter phase boundaries are in fact in better agreement with the results of Smith et al. on the trisodium uranate phase [66] . When mixing sodium oxide with uranium oxide in a (2.1:1) ratio and heating under argon at 1273 K for 24 h, the authors obtained a phase mixture corresponding to 21.8 wt% UO 2 + 78.2 wt% a À Na 3:16ð2Þ U 0:84ð2Þ O 4 [66] , which is found within the three-phase field UO 2 -Na 3 UO 4 -Na 4 UO 5 as shown in Fig. 12 .
The standard entropy functions of NaUO 3 and a-Na 2 UO 4 , enthalpy of formation of a-Na 2 UO 4 at 298.15 K, and enthalpy of transition of a-Na 2 U 2 O 7 were optimized in this work to fit the sodium partial pressures measured experimentally in the NaUO 3 -Na 2 U 2 O 7 -UO 2 [68] [105] . Finally, the small value of the transition enthalpy of Na 2 U 2 O 7 at 600 K reflects the fact that the a and b forms have closely related structures.
Using those optimized functions, the present model reproduces very well the partial pressure data of Smith et al. in the NaUO 3 -Na 2 U 2 O 7 -UO 2 phase field [68] and Pankajavelli et al. in the NaUO 3 -Na 2 UO 4 -Na 2 U 2 O 7 phase field [88] as shown in Figs. 13 and 14 . The data of Jayanthi et al. [87] are of the same order of magnitude as the calculation, but the slope of the sodium partial pressure is much steeper (Fig. 14) . This feature is also reflected in their second and third law results for the enthalpy of formation of NaUO 3 (cr), i.e., À(1481.4 ± 13.4) kJÁmol À1 and À(1476.7 ± 13.4) kJÁmol À1 , respectively, which are only in moderate agreement and about 15 kJÁmol À1 lower than the recommended value. The partial pressures measured by Battles et al. [86] are subject to a rather large uncertainty as detailed in the work of [104] . We have preferred not to optimize the thermodynamic functions of the sodium uranates based on the latter data and recommend repeating those measurements. The reported partial pressures in NaUO 3 -Na 2 UO 4 -Na 2 U 2 O 7 phase field are lower than reported by [88, 87] , and calculated herein. The sodium partial pressures reported in the NaUO 3 -Na 4 UO 5 -Na 2 UO 4 phase field are in very good agreement with the calculation, without further optimizing the thermodynamic functions of Na 4 UO 5 , but this situation might be fortuitous.
Moreover, the authors reported partial pressures for the NaUO 3 -Na 3 UO 4 -Na 4 UO 5 and NaUO 3 -Na 3 UO 4 -UO 2 phase fields, but the latter are not stable according to the present thermodynamic model. The decomposition temperatures and decomposition mechanisms of the sodium uranate ternary compounds are not known precisely to this date. These can only be roughly estimated as listed in Table 12 based on the Knudsen effusion mass spectrometry measurements of [68, 69] under high vacuum conditions (P = 10 À7 -10 À8 mbar), and high temperature X-ray diffraction (HTXRD) measurements of [65] under helium atmosphere (P He = 500-800 mbar in a furnace chamber of volume 0.5 L). Those are compared in Table 13 to the decomposition reactions and temperatures calculated from the thermodynamic model under standard conditions ðP tot = 1 bar) and in the presence of He gas ðnðHeÞ = 0.016 mol), simulating the conditions in the HTXRD experiments. The hexavalent phases Na 4 UO 5 , Na 2 U 2 O 7 , Na 2 UO 4 are the most stable according to these calculations, which is also reflected in the experimental results. The more reducing conditions in the presence of He gas results in a significant lowering of the decomposition temperatures, and a different decomposition mechanism for NaUO 3 , Na 2 UO 4 and Na 2 U 2 O 7 compared to the standard conditions. The calculated decomposition mechanisms are the same as observed experimentally for NaUO 3 and Na 2 U 2 O 7 , but they lead to different decomposition products for Na 3 UO 4 and Na 4 UO 5 . The comparison is not ideal as the calculations refer to a closed system, in other words they are computed at fixed composition, whereas the KEMS or HTXRD experiments correspond to open systems where weight losses occur, meaning that the compositions change during the measurements. Looking at the calculated three-phases equilibria in the Na-U-O system, one can nevertheless predict the evolution of the samples by effusion and compare the prediction with the experimental observations. According to the calculations, NaUO 3 evolves by effusion and loss of Na(g) in the ternary phase field UO 2 -Na 2 U 2 O 7 -NaUO 3 until all NaUO 3 has disappeared, in good agreement with the KEMS and HTXRD results of [65, 68] . When it looses {2Na(g)+3/2O 2 (g)}, Na 2 U 2 O 7 evolves on the pseudo-binary section UO 2 -Na 2 U 2 O 7 until only uranium dioxide remains, as observed in the KEMS studies of [68] . Furthermore, Na 4 UO 5 evolves by effusion and loss of {3Na(g)+O 2 (g)} on the pseudo-binary section Na 4 UO 5 -NaUO 3 , as observed in the HTXRD studies of [65] . Finally, Na 3 UO 4 evolves by effusion and loss of {2Na(g)+1/2O 2 (g)} in the ternary phase field Na 3 UO 4 -Na 4 UO 5 -UO 2 until all Na 3 UO 4 has disappeared, and only Na 4 UO 5 and UO 2 remain. Na 4 UO 5 subsequently decomposes to NaUO 3 by effusion as described previously. In the HTXRD experiment of [69] , only NaUO 3 is observed as remaining product as the decomposition is too fast during the heating ramp to vizualise the intermediate decomposition product Na 4 UO 5 . Finally, it is worth pointing out that the calculated decomposition temperatures in the presence of He are of the same order of magnitude as observed experimentally, and respect the observed relative stabilities (Na 2 U 2 O 7 > Na 4 UO 5 > NaUO 3 > Na 3 UO 4 ). Further experimental investigations of the ternary phase fields, and decomposition temperatures of the ternary compounds would finally be extremely beneficial to confirm the predicted stable phase boundaries in this system and refine the present model above T $ 1700 K.
Margin to the safe operation of SFRs
Based on the thermodynamic assessment of the Na-U-O system, the oxygen potential thresholds required for the formation of the sodium uranate phases are calculated and compared to the oxygen levels expected in the sodium coolant. Such calculations are essential if one wants to predict the consequences of the nuclear fuelsodium interaction in a Sodium-cooled Fast reactor.
Oxygen potential thresholds of formation
The condition of occurrence of the reaction between fuel and sodium is dictated by the amount of oxygen available within the nuclear fuel and liquid sodium. This is expressed by the equilibrium thermodynamic oxygen potential DG eq O 2 for the three-phase region containing liquid sodium, urania (respectively urania-plutonia), and sodium uranate (respectively urano-plutonate) [4] [5] [6] [7] [8] . The latter oxygen potential can be expressed either in terms of oxygen-to-metal ratio in the oxide phase O/M, plutonium valency in the MOX fuel V Pu , or in terms of oxygen concentration C eq O in the liquid sodium [4] [5] [6] [7] [8] . Mignanelli and Potter [8] , and Adamson et al. [4] reported that the threshold oxygen potentials for the formation of Na 3 MO 4 (M ¼ U;U 1Àa Pu a ) were very similar for the ternary Na-U-O and quaternary Na-U-Pu-O systems. The authors showed that the contact between the metallic coolant and the urania-plutonia solid solution leads to an oxygen concentration increase in the liquid sodium in conjunction with the reduction to a lower valency of the plutonium in the oxide phase.
Stoichiometric uranium dioxide UO 2.00 is stable relative to liquid sodium, but hyperstoichiometric UO 2þx can react, which can be expressed as follows [8, 4] Considering the sodium quasi-pure, with very little oxygen dissolved, the partial Gibbs energy of sodium DG Na is taken to be zero, and the equilibrium oxygen potential for this reaction is given by: . The oxygen potential thresholds were also estimated for NaUO 3 ; a-Na 2 UO 4 , Na 4 UO 5 , and Na 2 U 2 O 7 , using the thermodynamic functions optimized in the CALPHAD model. The derived equations are listed in Table 13 .
Finally, the calculation was also performed for the mixed valence state composition Na 3:16 U 0:84 O 4 . The necessary thermodynamic functions, i.e. enthalpy of formation, entropy, and heat capacity, were approximated, supposing an ideal behaviour, with a linear combination of the thermodynamic functions of Na 3 UO 4 and Na 4 UO 5 as detailed in Appendix A. The associated equilibrium reaction is: 
Oxygen levels in liquid sodium
The oxygen potential, which corresponds to the threshold for the onset of the reaction between fuel and sodium, should be compared with the concentration levels of oxygen dissolved in liquid sodium. The relationship between the two is defined by the oxygen solubility equation as a function of temperature on the one hand, and by the Gibbs energy of formation of sodium oxide on the other hand [4] . Sodium oxide forms when the solubility limit of oxygen in sodium is reached:
The Na 2 O saturation corresponds to an oxygen concentration of the order of 6000 wppm [76, 106] , which is, however, well above the normal operating conditions of SFRs (where oxygen levels are kept below circa 3 wppm [106] to avoid corrosion issues of the containment material [14] ).
At equilibrium, the following relationship holds: 38:287logC O ÞT JÁmol À1 using the solubility data of Noden [36, 37] .
Those oxygen potential lines are drawn in Fig. 16 for oxygen levels C O in sodium ranging from 0.1 wppm to 1000 wppm, together with the oxygen potential required for the formation of the various sodium uranate phases.
Discussion
The temperature on the surface of a fuel rim in a SFR is in the range 893 to 923 K, while it may exceed 2273 K at the centre [3] . The temperature range where the fuel-sodium reaction product is susceptible to form is 893-1373 K [100] . From Fig. 16 , we deduce that an oxygen concentration of about 0.7 wppm is sufficient at 900 K for the formation of a-Na 3 UO 4 , while an oxygen concentration of 3 wppm is necessary at 1000 K (5 wppm at 1050 K). The latter values are in the typical operating range of SFRs, which is why it is essential to fully understand the physical and chemical properties of the sodium uranate and urano-plutonate products. The results are the same using the recommended data of Eichelberg [33] . With the data of Claxton, we find circa 0.3 wppm at 900 K, 1.2 wppm at 1000 K, and 2 wppm at 1050 K.
It is interesting to compare these results with those of Smith [107] who measured directly the oxygen concentrations in sodium in equilibrium with U 0:75 Pu 0:25 O 2 , and in sodium at the three phases field Na-MO 2Àx -Na 3 MO 4 (M=U 1Àz Pu z ) by the vanadium equilibration method in the temperature range 923-1173 K. Smith found oxygen concentrations ranging from 0.1 to 0.4 wppm, which is slightly lower than calculated herein, but in fair agreement.
Looking at other sodium uranate compositions, we observe that the oxygen thresholds are much higher: above 1000 wppm for Na 2 U 2 O 7 , between 100 and 1000 wppm for NaUO 3 and a-Na 2 UO 4 in the temperature range 900-1050 K. Surprisingly, the oxygen threshold for hexavalent Na 4 UO 5 (about 1.5 wppm at 900 K, 5.5 wppm at 1000 K, and 10 wppm at 1050 K) is very close to the one for pentavalent Na 3 UO 4 , and below the one for pentavalent NaUO 3 . The threshold for the Na 3:16ð2Þ U 0:84ð2Þ O 4 compound synthesized by [66] is between that of Na 3 UO 4 and Na 4 UO 5 . It is closer to the threshold of Na 4 UO 5 around 600 K, but approaches the one of Na 3 UO 4 with increasing temperature. These results have to be related to the structural similarities between the Na 3 UO 4 and Na 4 -UO 5 end-members, which are both derived from a NaCl type of structure. The present calculation shows that relatively low oxygen concentrations in liquid sodium can also lead to the formation of U (VI) phases within the fuel, which was never considered in past studies. The consequences (in terms of corrosion, thermal expansion behaviour, etc) need to be considered for a thorough safety assessment of the sodium fuel interaction.
Conclusions
A thermodynamic model for the Na-O system is reported, which is consistent with the experimental data available on this system as reviewed by Wriedt [14] . The model reproduces the oxygen solubility limit determined by Noden [36] , the phase transitions and melting temperatures of sodium and its oxides, as well as the suggested monotectic and eutectic equilibria. The present DSC measurements moreover argue for the existence of a {Na 2 O-I + Na 2 O 2 -II = liquid} eutectic equilibrium at 843 K as anticipated by Wriedt [14] .
A CALPHAD model for the Na-U-O system was also developed, which is particularly relevant for the safety assessment of the sodium-fuel chemical interaction in SFRs. The calculations predict slightly different stable phase boundaries than reported in the literature. In particular, the three-phases equilibria UO 2 -Na 3 UO 4 - Na 4 UO 5 is suggested, which is consistent with the results recently obtained by Smith et al. [66] . Ab-initio calculations combined with a quasi-harmonic model were performed, which have allowed to derive the standard enthalpies of formation, standard entropies, and heat capacity functions of the sodium uranate compounds. The heat capacity data derived with this method at high temperatures were implemented in the CALPHAD model for this system, as for most phases experimental measurements are limited to T $ 1000 K, and cannot be extrapolated with sufficient confidence at high temperatures. The CALPHAD model was moreover optimized to fit the sodium partial pressures measured in the ternary phase fields NaUO 3 -Na 2 U 2 O 7 -UO 2 and NaUO 3 -Na 2 UO 4 -Na 2 U 2 O 7 . The optimized thermodynamic functions for NaUO 3 and a-Na 2 UO 4 are in good agreement with literature data.
Finally the oxygen potential thresholds required for the formation of the sodium uranate phases from liquid sodium and hyperstoichiometric urania were determined in this work. This potential was estimated as DG eq O 2 ðT=KÞ ¼ À948630 þ 263:28 T JÁmol À1 for aNa 3 UO 4 , which corresponds to oxygen levels of 0.7 wppm in liquid sodium at 900 K, and 3 wppm at 1000 K. The latter levels being typically encountered in SFRs, it is crucial from a safety perspective to have a thorough knowledge of the Na 3 UO 4 reaction product. The oxygen thresholds for the a À Na 3:16ð2Þ U 0:84ð2Þ O 4 and Na 4 UO 5 phases were found very close to the latter values (around 1.5 wppm at 900 K and 5.5 wppm at 1000 K), which must be related to the structural similarities between the Na 3 UO 4 and Na 4 UO 5 end members. This suggests that low oxygen concentrations in liquid sodium can also lead to the formation of U(VI) within the fuel, which was not anticipated in past studies. These results have evident consequences from safety perspectives, and should be considered in the computer codes simulating an accidental event scenario from the initiating event to the potential release of radioactive elements into the environment. is a configurational entropy term equal to ÀRð0:2ln0:2 þ 0:8ln0:8Þ, and R the gas constant.
The 
